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Abstract 15 
Epoxy adhesives are nowadays being extensively used in Civil Engineering applications, mostly 16 
in the scope of the rehabilitation of reinforced concrete (RC) structures. In this context, epoxy 17 
adhesives are used to provide adequate stress transference from fibre reinforced polymers (FRP) 18 
to the surrounding concrete substrate. Most recently, the possibility of using prestressed FRPs 19 
bonded with these epoxy adhesives is also being explored in order to maximize the potentialities 20 
of this strengthening approach. In this context, the understanding of the long term behaviour of 21 
the involved materials becomes essential. Even when non-prestressed FRPs are used a certain 22 
amount of stress is permanently applied on the adhesive interface during the serviceability 23 
conditions of the strengthened structure, and the creep of the adhesive may cause a continuous 24 
variation in the deformational response of the element. In this context, this paper presents a 25 
study aiming to experimentally characterize the tensile creep behaviour of an epoxy-based 26 
adhesive currently used in the strengthening of concrete structures with carbon FRP (CFRP) 27 
systems. To analytically describe the tensile creep behaviour, the modified Burgers model was 28 
fitted to the experimental creep curves, and the obtained results revealed that this model is 29 
capable of predicting with very good accuracy the long term behaviour of this material up to a 30 
sustained stress level of 60% of the adhesive’s tensile strength. 31 
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1 Introduction 34 
One of the most common uses of fibre reinforced polymers (FRP) in Civil Engineering 35 
applications is in the scope of rehabilitation and strengthening of reinforced concrete (RC) 36 
structures. For that purpose, the FRPs, in the form of sheets, laminates or bars, are bonded to the 37 
existing structures by means of an adhesive. The research group at Minho University has 38 
already applied these FRPs externally (externally bonded reinforcement - EBR), near surface 39 
mounted (NSM) [1] or even embedded through-section (ETS) [2]. The installation of NSM-40 
FRPs is able of increasing the load carrying capacity of a structural element with minor 41 
aesthetical impact and negligible structural weight increase, among a number of other 42 
advantages as referred by Lorenzis & Teng [3]. Most recently, in order to take advantage of the 43 
high tensile strength of the FRP, the possibility of applying FRPs with a certain prestress is 44 
being further explored for increasing the load carrying capacity of a strengthened element at 45 
serviceability limit state conditions [4-5]. 46 
Generally, the effectiveness of these strengthening systems is, in a first phase, evaluated by 47 
means of monotonic tests, meaning that a model of the structural system is constructed and 48 
loaded up to failure. However, this type of characterization only provides the maximum 49 
expectable strength and not the real deformational behaviour of the strengthening system during 50 
the working life of the structure. 51 
Mainly motivated by the interest of using prestressed NSM-FRPs (Figure 1), the knowledge of 52 
the long term deformability of the intervening materials becomes essential. The creep of 53 
structural adhesives is already recognized to be a material property of major importance to 54 
guarantee adequate stress transfer between the FRP and surrounding material over time. In fact, 55 
Quantrill & Hollaway, Nordin & Täljsten and Wang et al. have already exposed that this 56 
property plays an important role on the long term efficacy of the strengthening system [6-8]. 57 
However, the investigation in this area is scarce, despite the potentially negative effects the 58 
creep behaviour of adhesives can have in terms of the strengthening effectiveness of a FRP-59 
based system. 60 
Creep, usually defined as the increase of deformation over time under sustained stress, is 61 
recognized to be a relevant phenomenon when dealing with adhesives, and ISO and ASTM 62 
already define the methods to assess this property [9-10]. Additionally, the analysed specialized 63 
bibliography on this topic revealed that the mechanical performance of adhesives changes in 64 
fact with time, mainly due to the level of applied stress, but also due to environmental 65 
conditions such as temperature and humidity, as referred by ASTM, Dean and Feng et al. [10-66 
12]. 67 
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The creep behaviour of adhesives is frequently modelled using rheological models and is 68 
usually illustrated by means of Hookean springs and Newtonian dashpots that replicate, 69 
respectively, the elastic and viscous components of the material’s behaviour 70 
(Brinson & Brinson, [13]). Burgers model, depicted in Figure 2, is the most common and 71 
generalist creep model. This model is able of describing the time-strain variation of most of the 72 
existing epoxy-based adhesives, and will therefore be taken as reference to describe the 73 
behaviour of the adhesive adopted in the present research program. This model is simulated by 74 
the following equation: 75 
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where  creep t  is the strain evaluated at a certain time instant t ,   is the applied stress, ME  77 
and 
M  are Maxwell’s elastic modulus and coefficient of dynamic velocity, KE  and K  are 78 
Kelvin’s elastic modulus and coefficient of dynamic velocity. 79 
Feng et al. [12] suggested that the tensile creep strain,  ,creep t T  can be estimated by the 80 
exponential function shown in Eq. 2, which was re-written to improve the resemblance with the 81 
rheological model that will be afterwards reported in the present document. 82 
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where 0  is the applied stress level, 0E  the initial Young modulus, eE  is the equilibrium 84 
modulus given in Eq. 3, *t  is the retardation time and n  is a coupling parameter related to 85 
moisture absorption. 86 
  2 1e rE G    (3) 87 
where rG  is the rubbery plateau shear modulus and   is the Poisson’s ratio (  = 0.5 since the 88 
material is in the rubbery state). 89 
The unique feature of this model is related to the n  parameter, whose value is basically related 90 
to the activation energy of the molecular motion. If a specimen is saturated, the presence of 91 
moisture enhances the molecular mobility and, therefore, decreases the amount of activation 92 
energy required, resulting in lower values of n . As reference, it can be mentioned that 93 
Feng et al. [12] obtained in their tests an initial Young modulus, 0E , of 2.5 GPa, retardation 94 
times, *t , ranging between 54 and 16204 days and values of n  ranging from 0.51 to 0.73 for 95 
varying degrees of relative humidity. 96 
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In another paper, Majda & Skrodzewicz [14] proposed a model purely based on Burgers Model 97 
(Eqs.  4 and 5). The singularity recognized in this paper is the suggestion that the coefficients of 98 
dynamic viscosity, 0  and 1 , are primarily dependent on the applied stress (see Eqs. 6 and 7). 99 
Additionally, the elastic modulus of the relaxation response, herein designated as 1E , was also 100 
defined as a function of the applied stress (Eq. 8). 101 
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As an indication, Majda & Skrodzewicz [14] obtained an initial elastic modulus, 0E , of 107 
2.323 GPa and retardation times, *t , of 3 to 24 minutes. Note that this last value is exceptionally 108 
lower when compared to the one obtained by Feng et al. [12]. 109 
Taking into account the information previously exposed, and in order to address the lack of 110 
research in this topic, an experimental program was carried out aiming the assessment of the 111 
tensile creep behaviour of an epoxy-based structural adhesive, traded under the commercial 112 
name “S&P Resin 220 epoxy adhesive”, used in a commercial NSM-CFRP (carbon FRP) 113 
system. According to the material safety sheet, the epoxy resin solution is composed of 114 
bisphenol A and neopentyl glycol diglycidyl ether while the hardener contains 115 
poly(oxypropylene)diamine, triethylentetramine, piperazine and aminoethylpiperazine. For that 116 
purpose, nine dumbbell-shaped samples of adhesive were tested under three different load 117 
levels. Later, a modified Burgers equation was used to model the creep strain curves obtained, 118 
as well as the corresponding creep modulus curves. 119 
2 Material Characterization 120 
In the first phase of the experimental program the instantaneous properties of the epoxy 121 
adhesive to be tested under tensile creep were evaluated. For this purpose dumbbell-shaped 122 
specimens of adhesive were prepared observing ISO 527-2 recommendations [15]. According to 123 
this standard, the effective cross section under tensile stress should be 10×4 mm2. Note that 124 
these dimensions are representative of the thickness of the adhesive layer used in the NSM-125 
CFRP strengthening technique for bonding the CFRP reinforcement to the surrounding 126 
concrete. In the prestressed NSM-CFRP technique developed in the research project that the 127 
present work is part of it, a thickness of about 3 mm was adopted. To maintain the constituents 128 
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of the adhesive at 20ºC and 60% of relative humidity while manufacturing the specimens, the 129 
containers of the constituents were transported to a climatic chamber 24 hours prior the 130 
moulding process of the specimens. The epoxy adhesive analysed is a bi-component material 131 
that, according to the supplier, should be mixed in a proportion of 1:4 (in weight). After 132 
weighting both components in the recommended ratio, the mixture was performed manually 133 
inside a bowl and using a spatula, as it would be in a real case application, and at room 134 
temperature. After obtaining a uniform colour, the mixture was poured into a silicon mould, and 135 
no efforts were made to remove air bubbles, in order to produce a final product that is in every 136 
way similar to the one obtained in an actual application. After moulding, all the specimens to be 137 
tested were again transported to the climatic chamber until the curing time was over. When the 138 
specimens were removed from the mould, the edges were gently scraped in order to remove 139 
occasional sharp edges. For the measurement of the strain during the test, a control length of 140 
50 mm was adopted, as recommended by ISO 527-2, and the tensile test was performed under 141 
displacement control at a rate of 2 mm/min. Although the recommended curing time for this 142 
particular adhesive is 7 days, it was observed that after 2 days, in terms of tensile strength, 
af , 143 
and elastic modulus, 
aE , the instantaneous properties were already stabilized (see Figure 3 and 144 
Table 1). Moreover, the data sheet of this adhesive reports that three days after application, it 145 
exhibits adequate bond strength to concrete. For that reason, the curing time adopted for the 146 
creep specimens was reduced from 7 days to 3 days. 147 
3 Tensile Creep 148 
The assessment of the tensile creep properties of the adhesive was performed in a mechanical 149 
creep table, schematically represented in Figure 4. Three series of specimens were prepared, and 150 
each one was made from a batch of adhesive mixed exactly 3 days prior to creep load 151 
application, always using the same container of material. All specimens were produced and 152 
stored following the same protocol detailed in section 2 and the creep tests were performed in a 153 
climatic chamber programed to maintain a constant temperature of 20ºC and 60% of relative 154 
humidity. Each batch of adhesive produced 14 specimens: 5 for material testing at time of 155 
loading (72 h of age, herein labelled as t  = 0 h), 5 for material testing at the end of the creep 156 
test (1072 h of age, herein labelled as t  = 1000 h) and 4 for creep testing (3 for tensile creep test 157 
and 1 for control purposes). 158 
Each creep specimen was instrumented with two strain-gauges type BFLA-2-3-3L from TML, 159 
with a 2 mm measuring length installed precisely at the geometric centre of each face (see 160 
Figure 5a). The reference specimen was also instrumented, but in this case with only one strain 161 
gauge to measure any possible environmental effects on the material, on the strain gauges wires, 162 
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as well as other unexpected fluctuations in the readings. Although it is acknowledged that the 163 
applied strain gauge has a rather small size, due to the small grain size of the particles that 164 
compose the adhesive, the monitored section is believed to be sufficiently representative of the 165 
tensile strain field installed in the adhesive. In each series, three different load levels were 166 
applied, corresponding to approximately 20%, 40% and 60% of the adhesive’s tensile strength 167 
indicated in Table 1 (see Figure 5b). The evolution of strain under sustained stress was recorded 168 
for 1000 hours, as recommended by ISO and ASTM [9-10]. 169 
Table 2 summarizes the average instantaneous properties determined on the specimens of the 170 
three series, and the corresponding stress-strain curves are depicted in Figure 6. In most cases, 171 
the obtained properties were relatively close to the ones presented in Table 1. However, in 172 
Series III, the specimens exhibited an abnormally low tensile strength both at t  = 0 h and 173 
t  = 1000 h. This fact may be due either to a deficient mixture of the components, although no 174 
significant increase in porosity was observed in the failure surface between series of specimens, 175 
or eventually to the approaching of the expiration date of the material. In reality, the creep 176 
parameters presented later, in section 3.2, suggest that during the execution of this experimental 177 
program, some type of aging process might have occurred and additional tests will be carried 178 
out in due time to investigate the causes of this material degradation. Note that according to 179 
Figure 7, Series III specimens tested at 1000 h, exhibit less voids than the specimens tested at 180 
0 h, even though both exhibit similar tensile strength and elastic modulus according to Table 2. 181 
Regarding the tensile creep tests, load was applied in the specimens in approximately 3 to 182 
5 seconds using steel plates. The effective load, W , applied in the creep specimens is given in 183 
Table 3, as well as the effective applied stress,  , that was calculated by applying the following 184 
equation: 185 
  
W g
A


 
  (9) 186 
where W  is the mass at the loaded end of the lever, g  is the gravitational acceleration,   (=3) 187 
is the amplification factor of the creep table and A  is the cross sectional area of the tested 188 
specimen. 189 
In order to standardize the load application process, three load levels were defined for all three 190 
series of specimens, taking into account the geometry of the specimens and the creep table 191 
configuration. This resulted in the definition of the following mass levels: 6 kg, 11 kg and 17 192 
kg, herein labelled as A, B and C, respectively. As in series III the control tensile tests revealed 193 
a lower tensile strength, the effective percentage of applied stress was different from the 194 
predefined level. 195 
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3.1 Experimental Results 196 
After monitoring the specimens for the required period of time, the creep strain curves were 197 
constructed. It is worth noting that the reference creep specimens did not exhibit significant 198 
strain variation over time and, therefore, the data obtained from the loaded specimens was 199 
directly used [3]. The envelope of the time versus strains recorded in the monitored faces is 200 
plotted in Figure 8, as well as the corresponding average strain, showing that in terms of shape 201 
of the creep strain curve all specimens exhibited similar time dependent variation. The largest 202 
difference between opposing strain gauges was observed in Series I, where the difference of 203 
strains was larger than 1‰ in Specimen C. In the remaining specimens, the difference of strains 204 
over time between opposing strain gauges was fairly similar in all cases. It is believed that this 205 
dispersion of strains is related to the heterogeneity of the adhesive mixture, caused by the 206 
manual mixing process and the subjectivity of the “uniform colour” criterion, as well as to the 207 
small size of the strain gauge reference length (2 mm), which may cause the reading of strains in 208 
zones with relatively different properties. It is also noteworthy that, after 1000 h of loading, the 209 
adhesive specimens loaded with 12 MPa exhibited an average strain of 4.61‰, 5.07‰ and 210 
6.15‰ in Series I, II and III, respectively. However, according to the preliminary tensile tests, 211 
the ultimate strain of these samples was only about 3‰ (Table 1). It is also important to notice 212 
that specimen S3_C, depicted in Figure 5c, fractured at about 27 hours after load application, in 213 
the vicinity of the top anchorage, possibly due to an accidental shock against the creep table. 214 
3.2 Analytical Model 215 
As already suggested in section 1, the tensile creep behaviour of epoxy adhesives is usually well 216 
defined using Burgers equation (Eq. 1). Observing Figure 8, it is evident that the behaviour of 217 
the tested adhesive is in fact similar to the one initially proposed (see Figure 2). Therefore, 218 
considering the average strain curves obtained for each specimen, the parameters defining Eq. 1 219 
were determined for each of the curves, as follows: 220 
 The initial strain,  0creep Mt    is inversely proportional to Maxwell’s elastic 221 
modulus, 
ME . In this case, ME  is given by Eq. 10; 222 
 Maxwell’s coefficient of dynamic viscosity is inversely proportional to the slope of the 223 
steady-state branch, 
M  , as given in Eq. 11; 224 
 Kelvin’s elastic modulus, 
KE , is proportional to the  -intercept value, eq , of the steady-225 
state branch, as defined in Eq. 12; 226 
 Kelvin’s coefficient of dynamic viscosity, 
K , is related to the retardation time 
*t , which 227 
corresponds to the time instant at which 63% of the Kelvin’s steady-state strain is 228 
attained. This value can be calculated by first isolating Kelvin’s terms in Burgers 229 
Page 8 of 32 
equation, as defined in Eq. 13. Considering the obtained curve, the time necessary to 230 
achieve 0.63 K , where K  is given by KE , can be determined and the coefficient of 231 
dynamic viscosity, 
K , can be determined using Eq. 14. 232 
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It is worth noting that the steady-state branch was in this case defined as the last third of the 238 
creep monitoring interval, i.e., from t  = 666.667 h to t  = 1000 h. 239 
Table 4 summarizes the parameters determined for each of the specimens, while in Figure 9 the 240 
relationship between numerical and experimental strains is presented. Although in the initial and 241 
final instants the correlation between values is satisfactory, in a great portion of the monitored 242 
interval the strains are not so well predicted. For this reason, a modified expression based on 243 
Burgers model, proposed by Feng et al. [12], was adopted in order to improve the prediction of 244 
the experimental strains. The modified equation consists of introducing a new parameter in the 245 
original form of Burgers model, n , resulting: 246 
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Contrariwise to the previous parameters, the determination of n  cannot be performed based on 248 
the features of the creep strain curve. Therefore, the parameter n  was determined by forcing the 249 
slope between experimental and numerical values to be unitary, using the Generalized Reduced 250 
Gradient (GRG2) nonlinear optimization, available in Microsoft Excel (2010). The values 251 
obtained by this process are fairly constant, as demonstrated in Table 5, and the obtained results 252 
reveal that this model is much more accurate, as depicted in Figure 10. 253 
Up to this point, the obtained parameters represent the best value to predict the behaviour of a 254 
single adhesive specimen. However, to validate the applicability of the model, it is necessary to 255 
determine at least one set of parameters (
ME , M , KE , K  and n ) per series. Therefore, in 256 
Figure 11, the parameters that are assumed to better describe the mixture of each series are 257 
presented. 258 
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The value of 
ME , depicted in 11a, was computed as the slope of a linear regression of   259 
versus 
M , as defined by the formulation of the model, Eq. 10. Similarly, in Figures 11b 260 
and 11c, 
M  and KE  are defined as the slope of   versus M   and   versus K , respectively, 261 
Eqs. 11 and 12. Regarding the values of 
K  and n , it is not possible to define the same type of 262 
relationships. For that reason, Figures 11d and 11e depict the values of *t  and n  versus the 263 
applied stress level. 264 
Of all the linear regressions executed, the one defining 
ME  is definitely the one leading to 265 
better results. 
ME  is found to exhibit, within each series of specimens, an almost unitary 266 
coefficient of determination, 2r , as well as an extremely low coefficient of variation, COV , 267 
when all series are taken into account (see Table 6). Moreover, it is worth mentioning that in all 268 
cases, 
ME  is larger than aE  (see Tables 1 and 2), most likely due to the load application speed, 269 
which was performed in about 3 to 5 seconds, while in the standard tensile tests it would take 270 
roughly 12 to 36 seconds to achieve the same stress levels. On the other hand, the value of 
M , 271 
which also exhibits very good 2r  values within individual series, is not able to produce 272 
particularly low COV  values when considering all the series ( COV  = 25%, see Table 6). The 273 
same is observed in the determination of 
KE , which in general leads to relatively high 
2r  (at 274 
least 0.9712), but produces a 26% COV  when the values of all series are considered. 275 
Lastly, regarding the quantification of *t  and n , the obtained results were somewhat more 276 
satisfactory. Apart from the high variability of the retardation time in Series I (see Table 4 and 277 
Figure 11d), the average value of *t  was relatively constant within each series, presenting a 1% 278 
COV  in Series II and III (Figure 11d). Note that if both KE  and 
*t  are in fact constant, K  can 279 
also be assumed as constant. Regarding the values of n , the stability of the results is notorious 280 
since the COV  is never higher than 6% within a series, as reported in Figure 11e, and it is still 281 
6% when all the specimens are taken into account (see Table 6).  282 
Despite the relatively low number of tests performed, it was noted that some of the parameters 283 
have a tendency to decrease with the age of the unmixed components. Taking a closer look at 284 
Kelvin’s coefficients, 
KE  and K , it was observed that from the first to last series, those 285 
parameters are evaluated almost as half of the original value, suggesting that the material may 286 
experience an aging effect even before it is mixed. 287 
3.3 Creep Curves 288 
One of the main objectives of creep tests is the definition of the creep curves, especially the 289 
creep modulus curves. For the specific case of the epoxy adhesive tested, since all the 290 
parameters are approximately constant, it is worth to mention that this proves that this material 291 
exhibits linear viscoelastic/viscoplastic tensile behaviour. Therefore, a unique creep modulus 292 
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curve,  creepE t , can be used to describe the behaviour of the adhesive over time, regardless the 293 
applied stress level, which is simulated by the following equation: 294 
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 (16) 295 
Figure 12 depicts the creep modulus curves obtained for each series, using the parameters 296 
reported in Table 6. The creep modulus curves are, as expected, localized within the range of 297 
strains defined by the experimental results (see Figures 12a to 12c). In Figure 12d, all the 298 
obtained curves are overlaid in order to demonstrate that the adhesive of the three tested series 299 
exhibits similar shape of creep modulus curve. However, the creep modulus has a tendency to 300 
decrease with the age when the adhesive is prepared, indicating the occurrence of an ageing 301 
effect on the adhesive constituents. Finally, it is worth mentioning that after 1000 h of loading, 302 
the creep modulus of the specimens decreased to 2.71 GPa, 2.37 GPa and 2.04 GPa, for 303 
Series I, II and III, respectively. Note that these reductions correspond to a decrease to 29%, 304 
27% and 23% of the material’s initial stiffness (taken as 
ME ). Unfortunately, none of the 305 
analysed papers either reported the full 1000 hours period or an adhesive of similar stiffness in 306 
order to evaluate the significance of the obtained values. 307 
4 Conclusions 308 
This paper describes an experimental program carried out aiming to characterize the tensile 309 
creep behaviour of an epoxy-based structural adhesive commonly used in NSM-CFRP 310 
strengthening applications. For that purpose, three series of tensile creep tests, composed of 311 
three adhesive samples per series, were executed. By taking the obtained results, the modified 312 
Burgers model was adjusted to the obtained experimental creep strain curves.  313 
The obtained results showed that up to sustained stress levels of 60% of the adhesive’s tensile 314 
strength, the adhesive can be assumed as a linear viscoelastic/viscoplastic material and 315 
parameterized using the modified Burgers model equation. Both the creep strain and creep 316 
modulus curves obtained using the modified Burgers equation exhibited very good agreement 317 
with the experimental results. 318 
Furthermore, the obtained results provided a couple of qualitative observations. The first one is 319 
related to the level of strain experienced by the adhesive. While during material testing it was 320 
determined that the ultimate strain of the adhesive was about 3‰, when the tensile creep tests 321 
were performed, the adhesive endured 2 times that deformation level without rupturing. This 322 
fact demonstrates that after loaded, the adhesive is able of somehow reorganizing its internal 323 
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structure to continuously withstand more and more deformation without rupturing. Another 324 
important remark is related to the observed loss of stiffness with the age of the adhesive 325 
container. The reduction of the values of the Kelvin components is notorious and, additional 326 
tests should be performed in order to confirm this tendency. Given this fact, and especially 327 
when the adhesive is intended for prestressed NSM-FRP, the time period between adhesive 328 
production and application should be carefully observed. This is a fundamental issue since the 329 
applied prestress level should remain as much as possible during the design life of the 330 
strengthening intervention (in general between 50 and 100 years). In this context, the occurrence 331 
of excessive creep can compromise the effectiveness of the prestressed NSM-CFRP technique 332 
that is being investigated under the framework of the present research project. 333 
This experimental program represents a first effort aiming to increase the knowledge on the 334 
creep of structural epoxy-based adhesives. However, much more research needs to be carried 335 
out, especially regarding the influence of the environmental conditions on the creep response. 336 
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Figure 1 – Representation of a NSM-FRP application on a RC beam.  401 
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Figure 2 – Strain evolution with time in Burgers Model.  403 
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(a) (b) 
Figure 3 – Tensile tests: (a) test setup and (b) stress versus strain curves.  404 
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Figure 4 – Mechanical creep table.  406 
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(a) (b) 
Figure 5 – Tensile creep tests: (a) Specimens installation and (b) Specimens under sustained load.  407 
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(a) (b) (c) 
Figure 6 – Control tensile tests: (a) Series I, (b) Series II and (c) Series III.  408 
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(b) (c) 
Figure 7 – Failure surface of the tensile specimens: (a) Series I, (b) Series II and (c) Series III.  409 
Page 21 of 32 
  
(a) (b) 
 
(c) 
Figure 8 – Strains versus time: (a) Series I, (b) Series II and (c) Series III.  410 
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(a) (b) (c) 
Figure 9 – Burgers model strain versus experimental strain: (a) Series I, (b) Series II and (c) Series III.  411 
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(a) (b) (c) 
Figure 10 – Modified Burgers model strain versus experimental strain: (a) Series I, (b) Series II and (c) Series III.  412 
0 2 4 6 8
0
2
4
6
8
  num
 [‰
]

exp
 [‰]
  S1_A 
  S1_B 
  S1_C 
0 2 4 6 8
0
2
4
6
8
  num
 [‰
]

exp
 [‰]
  S2_A 
  S2_B 
  S2_C 
0 2 4 6 8
0
2
4
6
8
  num
 [‰
]

exp
 [‰]
  S3_B 
  S3_C 
Page 24 of 32 
  
(a) (b) 
 
(c) 
  
(d) (e) 
Figure 11 – Modified Burgers model parameters: (a) 
ME , (b) M , (c) KE , (d) 
*t  and (e) n .  413 
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(c) (d) 
Figure 12 – Creep modulus curves: (a) Series I, (b) Series II, (c) Series III and 414 
(d) All analytical creep modulus curves.  415 
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Table 1 – Instantaneous properties of the epoxy adhesives. 424 
Specimen 
Curing time aE  
2r  
af  a  
[days] [GPa] [MPa] [‰] 
SP-01 
2 
7.53 0.9961 20.9 3.20 
SP-02 7.41 0.9916 20.8 3.07 
SP-03 7.47 0.9901 21.4 3.22 
SP-04 7.67 0.9949 21.9 3.36 
SP-05 7.86 0.9983 20.5 2.76 
Average 7.59 (0.18) {2%} - 21.1 (0.6) {3%} 3.12 (0.23) {7%} 
SP-06 
3 
7.37 0.9958 21.2 3.14 
SP-07 7.32 0.9977 21.3 3.32 
SP-08 7.39 0.9961 21.3 3.26 
SP-09 7.19 0.9934 19.0 2.69 
SP-10 6.99 0.9978 18.4 2.46 
Average 7.25 (0.17) {2%} - 20.2 (1.4) {7%} 2.97 (0.38) {13%} 
SP-11 
7 
7.42 0.9952 19.5 2.62 
SP-12 7.00 0.9942 20.5 3.20 
SP-13 7.47 0.9948 21.1 3.15 
SP-14 7.40 0.9959 21.3 3.15 
SP-15 7.83 0.9955 20.8 2.87 
Average 7.42 (0.29) {4%} - 20.6 (0.7) {3%} 3.00 (0.25) {8%} 
2r  is the coefficient of determination of the linear regression of the stress versus strain curve. 425 
Average (Standard deviation) {Coefficient of variation}  426 
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Table 2 – Instantaneous properties of the creep specimens at time of loading and after 1000 h. 427 
Series 
Age of the  
Adhesive  
Container § 
t  = 0 h t  = 1000 h 
aE  af  
aE  af  aE  af  
[GPa] [MPa] [GPa] [MPa] [%] [%] 
I ≈ 9 days 7.70 (0.16) {2%} 20.2 (2.2) {11%} 7.61 (0.29) {4%} 20.9 (1.3) {6%} -1.1 3.3 
II ≈ 69 days 6.79 (0.41) {6%} 20.3 (1.7) {8%} 6.36 (0.29) {5%} 17.7 (1.6) {9%} -6.4 -13.2 
III ≈ 124 days 6.72 (0.74) {11%} 15.0 (2.5) {16%} 7.36 (0.84) {11%} 15.7 (5.4) {35%} 9.6 4.5 
§ Refers to the time between the reception of the adhesive container and the mixture of components. 428 
Average (Standard deviation) {Coefficient of variation} 429 
 , 1000 , 0 , 0a a t h a t h a t hE E E E     ;  , 1000 , 0 , 0a a t h a t h a t hf f f f       430 
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Table 3 – Geometric properties of the specimens. 431 
Series Specimen 
W  A    ,0% max hf  1000% hf  
[kg] [mm2] [MPa] [%] [%] 
I 
S1_A 6 43.486 4.32 21 21 
S1_B 11 43.278 7.81 39 37 
S1_C 17 43.067 11.94 59 57 
II 
S2_A 6 41.272 4.55 22 26 
S2_B 11 42.494 7.95 39 45 
S2_C 17 45.296 11.35 56 64 
III 
S3_A 6 42.003 4.47 30 28 
S3_B 11 41.763 8.09 54 51 
S3_C 17 43.487 11.82 79 75 
The creep apparatus used magnifies the applied dead weight in 3 times meaning that   = 3. 432 
,0 ,0% max h a hf f  and 0 ,1000% h a hf f .  433 
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Table 4 – Experimental creep curve parameters. 434 
Series Specimen 
M  M   eq  eq  
*t  ME  M  KE  K  MAPE  
[‰] [‰/h] [‰] [‰] [h] [GPa] [GPa·h] [GPa] [GPa·h] [%] 
I 
S1_A 0.445 4.099e-04 1.011 0.566 26.5 9.71 10545 7.64 202 8 
S1_B 0.789 4.993e-04 1.969 1.180 24.8 9.90 15640 6.62 164 9 
S1_C 1.282 8.891e-04 3.750 2.468 21.8 9.31 13425 4.84 105 10 
II 
S2_A 0.511 3.770e-04 1.168 0.657 19.6 8.91 12079 6.93 137 10 
S2_B 0.888 6.117e-04 2.321 1.433 19.8 8.96 13001 5.55 109 10 
S2_C 1.304 1.035e-03 4.080 2.776 19.7 8.71 10964 4.09 81 12 
III 
S3_A 0.466 - - - - 9.61 - - - - 
S3_B 0.898 3.938e-04 2.850 1.952 19.0 9.02 20547 4.14 77 13 
S3_C 1.363 6.673e-04 5.499 4.136 18.8 8.67 17714 2.86 54 14 
, ,
1 ,
100% N exp i ana i
i exp i
MAPE
N
 


   where ,exp i  and ,ana i  are the experimental and analytical result of each 435 
sampling point i , respectively, and N  is the number of sampling points ( N  = 487).  436 
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Table 5 – Modified Burgers equation parameters. 437 
Series Specimen n  2r  
MAPE  
[%] 
I 
S1_A 0.48 0.9984 2 
S1_B 0.48 0.9995 2 
S1_C 0.45 0.9996 2 
II 
S2_A 0.57 0.9990 1 
S2_B 0.52 0.9995 2 
S2_C 0.49 0.9995 2 
III 
S3_A - - - 
S3_B 0.53 0.9986 2 
S3_C 0.48 0.9992 3 
  438 
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Table 6 – Average modified Burgers equation parameters of all series tested. 439 
Parameter 
ME  M  KE  
*t  K  n  
[GPa] [GPa·h] [GPa] [h] [GPa·h] 
Series I 9.49 13482 5.27 24.3 128 0.47 
Series II 8.80 11544 4.50 19.7 88.7 0.53 
Series III 8.84 18446 3.09 18.8 58.1 0.50 
Average 
9.04 (0.39) 
{4%} 
14491 (3560) 
{25%} 
4.29 (1.10) 
{26%} 
20.9 (3.0) 
{14%} 
91.7 (35.2) 
{38%} 
0.50 (0.03) 
{6%} 
Average (Standard Deviation) {Coefficient of Variation} 440 
